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I.  The  Focus  of  the  Research  Project 

It  is  known  that  the  problem  in  high  transition  temperature  (Tc)  superconducting 
electronics  is  the  lack  of  effective  I-layer  materials  for  the  SIS  Josephson  junctions.  PrBa2Cu3C>7 
(PBCO)  has  been  considered  to  be  the  best  buffer  layer  for  YBa2Cu307-s  (YBCO) 
multilayer/superlattice  because  of  its  excellent  lattice  parameters  match  with  YBCO,  same 
fabricating  conditions,  and  its  semiconductor/insulator  behavior.  However,  experiments 
indicated  that  when  a  PBCO  film  is  in  good  contact  with  a  YBCO  film,  the  PBCO  film  will  be 
induced  into  a  conductor.  This  makes  PBCO  inadequate  to  insulate  the  YBCO  layers  in  a  SIS 
junction  nor  to  be  an  effective  buffer  layer  for  YBCO/PBCO  type  multilayer/superlattice. 

The  main  purpose  of  this  research  is  to  find  materials  that  can  be  served  as  buffer  layer 
for  YBCO  so  that  the  coupling  between  YBCO  layers  fabricated  on  each  side  of  the  buffer  layer 
can  be  cut  off  and  each  YBCO  layer  in  the  superlattice  is  independent  to  the  others.  It  is  widely 
believed  that  superconductivity  of  YBCO  is  generated  from  the  Cu02  planes  -  a  2-D 
superconductor.  When  the  YBCO  layer  in  the  multilayer/superlattice  is  made  very  thin,  the 
YBCO  layer  may  be  considered  as  a  two-dimensional  (2-D)  entity.  The  superlattice  can 
therefore  be  used  to  study  the  existence  of  2-D  superconducting  transition.  The  Cu02  planes  in 
YBCO  may  couple  to  each  other.  The  coupling  thus  makes  YBCO  a  three-dimension 
superconductor.  By  increasing  the  thickness  of  YBCO  layer  the  superconducting  conducting 
coupling  between  the  Cu02  planes  can  be  studied. 

II.  Studies  on  Bulk  Materials 

It  is  well  known  that  when  Cu  in  YBCO  is  replaced  by  other  metal  elements,  Tc  goes 
down  indicating  that  metal  substitution  lowers  the  electrical  conduction  of  the  YBCO.  Since 
PBCO  has  same  crystal  structure  as  YBCO,  Cu  substituted  by  metal  element  may  also  increase 
the  electrical  resistivity  in  PBCO.  This  may  improve  the  insulation  of  PBCO  on  YBCO.  For 
this  reason,  metal  element  M  =  Al,  Co,  Fe,  Ga,  Ni  and  Zn  were  used  to  partially  replace  Cu  in 
PBCO.  In  other  words,  we  have  fabricated  PrBa2(Cui.yMy)307  (PBMCO),  in  which  y  =  0.00, 
0.05,  0.10, 0.15,  and  0.20  is  the  doping  level. 

A.  X-ray  and  Neutron  Diffraction  Studies 

Figure  1  shows  the  powder  x-ray  diffraction  spectra  of  PrBa2(Cuo.8Mo.2)307,  for  M=  Al, 
Fe,  and  Ni,  while  Figure  2  (a),  (b),  and  (c)  shows  those  for  M=  Ga,  Zn,  and  Co.  All  reflections 
can  be  indexed  in  the  orthorhombic  Pmmm  space  group.  The  sample-indexed  peaks  of  YBCO 
and  PBCO  are  shown  in  Figure  3.  The  data  show  diffraction  patterns  consistent  with  those 
expected  for  the  Pmmm  space  group.  The  x-ray  spectra  for  most  samples  show  that  the  samples 
are  of  single-phase  oxygen  deficient  perovskite  structure.  However,  when  the  doping 
concentration  x  >  0.15  a  minor  impurity  phase  appears  in  Ni  and  Zn-doped  samples.  The 
impurity  phase  was  identified  as  BaC03.  It  has  also  been  shown  that  the  orthorhombicity  of  the 
M  doped-PBCO  samples  is  less  than  that  of  the  undoped  PBCO.  Our  final  refinements  on  x-ray 


2 


and  neutron  diffraction  data  for  the  orthorhombic  structure  have  been  carried  out  in  the 
tetragonal  space  group  Pmmm.  Attempts  to  refine  in  other  space  groups  including  the  P 4/mmm 
give  either  incomparable  or  poorer  fits  to  the  data.  Multiphase  analyses  for  the  neutron 
diffraction  data  give  better  fits.  The  profiles  of  Rietveld  refinements  for  orthorhombic 
PrBa2(Cuo.8oAlo.2o)3C>7  are  shown  in  Figure  4.  The  essential  features  of  the  orthorhombic 
structure,  atomic  coordinates,  and  the  number  of  occupancy  for  each  atom  in  PrBa2(Cuo.8 
Al0.2)3O7  are  given  in  Table  1.  The  lattice  parameters  for  all  samples  obtained  through  Rietveld 
refinement  on  the  x-ray  diffraction  data  are  given  in  Table  2. 


Figure  1  X-ray  diffraction  spectra  of  PrBa2(Cuo.sMo.2)307  for  M=  Al,  Fe,  and  Ni  taken  at  room 
temperature.  The  arrows  show  the  impurity  phase. 
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Figure  2  (a)  Room  temperature  x-ray  diffraction  patterns  for  PrBa2(Cui.x  Znx)307,  where 
x  =  0.00, 0.05, 0.10,  and  0.20.  The  arrows  indicate  the  peaks  from  impurity  phase. 
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Figure  2  (b)  Room  temperature  x-ray  diffraction  patterns  of  PrBa2(Cui.x  Gax)3C>7,  where  x 
=  0.00,  0.05,  0.10,  and  0.20. 


5 


20  25  30  35  40  45  50  55  60 

20 


Figure  2  (c)  Room  temperature  x-ray  diffraction  patterns  of  PrBa2(Cui.xCox)307,  where  x 
=  0.00,  0.05,  0.10,  and  0.20. 
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Figure  3  The  reflection  indices  of  x-ray  diffraction  patterns  for  YBa2Cu3C>7  and 
PrBa2Cu3C>7. 


(a) 


(b) 

S25Ts^Sw^:»-a*«=a' 


Table  1  Structure  parameters  for  orthorhombic  PrBa2(Cuo.8oAlo.2o)307  determined  from  a  joint 
refinement  of  x-ray  and  neutron  diffraction  data  taken  at  room  temperature. 
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Table  4  2  lists  the  lattice  parameters  of  all  PBCMO  samples  and  YBa2Cu307  for 
comparison.  The  lattice  parameters  for  all  PBCMO  samples  are  very  close  to  those  of 
YBa2Cu307.  These  results  indicate  that  the  structure  and  the  lattice  parameters  of  the  PBCMO 
samples  and  YBa2Cu307  are  very  compatible. 


B.  Electrical  resistivity  of  the  doped  samples 


Figure  5  shows  the  plots  of  electrical  resistivity  versus  temperature  for  all  samples. 

Below  100  K,  the  electrical  resistivity  for  all  doped  samples  are  orders if^b^er  bsulatrs 
that  of  the  undoped  sample  which  indicates  that  the  doped  samp  es  vnrn  all  nf 

Sit SJESd  PBCOPFor  Ms  reason  and  for  Mr  excellent 

the  doped  samples  should  be  better  buffer  layers  than  the  undoped  PBCO  maki  g 
YBCO/PBCMO  superlattices  and  SIS  junctions. 

Among  these  samples  Fe,  Ni,  and  Co  have  magnetic  moments^  Al,  Zn,  and  Ga  are  non 
magneton  general,  substituting  magnetic  elements  for  Cu  in  TOCO  S“PP'““S  Vf 
YRCO  because  the  intrinsic  magnetic  field  of  the  magnetic  element  may  break  the  Cooper  pairs. 
™  S  doM^npl^  the  electrical  resistivity  of  Zn-doped  samples  .s  fte  lowest.  Zn- 

TOCO  has  dso  been  found  to  reduce  the  Tt  of  TOCO  significantly.  Migration  of  the 
doped  YBCO  has  PBCMO  layers  in  the  superlattice  may 

magnetic  atoms  and  Zn  into  Ae  YBCO pBC0  ^  may  not  be  ideal  buffer 

layers  for  macing6  YBCO/PBCMO  multilayers.  Among  all  doped  samples,  Al-doped  and  Ga¬ 
doid  samples  hive  the  highest  and  second  highest  electrical  resistivity  than  any  other  doped 
££*£ Tor  these  reasons8  Al  and  Ga-doped  PBCO  may  be  the  best  candidates  to  serve  as  the 

buffer  layers  in  YBCO  multilayers. 


Figure  5(a)  Electrical  resistivity  verses  temperature  for  PBCMO  samples  of  M  Ni,  Fe 
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Figure  5(b)  Electrical  resistivity  verses  temperature  for  PBCMO  samples  of  M  =  Zn,  Co,  and  Ga. 


IV  Thin  Films  and  Multilayer  Studies 


A.  Quality  of  PrBa^CuosoAlozobO?  and  PrBa2(Cu0.8oGa0.2o)307  films 

X-ray  diffraction  of  PrBa2(Cuo,oAlo,o)307  (PBCAO)  thin  films  grown  by  rf  sputtering 

indicates  a  high  degree  of  orientation  with  the  c-axis  perpendicular  to  the  substrate,  as  sho 

Figure  6  Figure  7§(a)  and  (b),  on  the  other  hand,  show  x-ray  diffraction  pattern  of  a  2000A  thick 

PBCAO  and  a  PrBa2(Cu«,,Oa.  2o)30,  (PBCGO)  films  grown  by  pulse ^.Wionon  NdGaOj 

H 101  substrate  The  figures  show  the  dominant  features  on  x-ray  spectra  are  the  (00n)  peaks  o 
010)  substra^  ine  ^  ^  ^  films  «  highly  oriented  along  the  c-axis 

which  is  normal  to  the  substrate  surface. 
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Figure  6  X-ray  (001)  pole  figure  plot  of  the  PBCAO  film  on  (001)  LaAlO,  shows  the  four  f  11 1} 
peaks. 
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(b) 

Figure  7  X-ray  diffraction  spectrum  of  2000A  (a)  PBCAO  and  (b)  PBCGO  films 
grown  by  pulsed  laser  ablation.  The  peaks  indicate  that  the  films  are  c-axis  oriented 


Figure  8  Resistivity  plotted  against  temperature  for  c-axis  orientated 
PBCAO  and  PBCGO  films  grown  by  pulsed  laser  ablation. 

T(K) 


Figure  9  Semilog  plot  of  electrical  resistivity  (p)  vs  T'm  for  PBCAO  target  (bulk)  and  thin  film. 

Figure  8  shows  the  plots  of  the  electrical  resistivity  vs.  temperature  for  c-axis  orientated 
PBCAO  and  PBCGO  films  grown  by  pulsed  laser  ablation.  The  plots  indicate  that  the  films  may 
serve  as  a  buffer  layer  for  the  YBCO/PBCMO  multilayers.  Materials  with  localized  charge 
carriers,  in  principle,  follows  the  Mott’s  variable  range  hopping  (VRH)  mechanism, 

p  =  p0e{T°IT)P .  Figure  9  shows  the  resistivity  p(T)  for  the  thin  film  and  target  of  PBCAO  (bulk 


R  esistan£fe)( 


sample)  plotted  against  T,/4.  Both  the  film  and  bulk  sample  follow  a  reasonable  straight  line 
suggests  that  the  transport  mechanism  of  the  samples  is  largely  through  three-dimensional 
thermally  activated  variable  range  hopping  of  charge  carriers  among  the  localized  states.  The 
resistivity  of  the  film  is  higher  than  that  of  the  bulk  at  temperature  above  48  K.  But  the  less 
slanted  p(T)  verse  T  curve  suggests  that  the  charge  carriers  in  the  film  are  less  localized  than 
those  in  the  bulk  sample. 

D.  Superconductivity  of  YBCO/PBCMO  superlattices 

Figure  10  and  Figure  11  plots  the  temperature  dependence  of  dc  resistance  for  PBCAO 
(60A)/YBCO(d)/PBCAO(200A)  trilayers  and  PBCGO(60A)/YBCO(d)/PBCGO(25A)/YBCO(d) 
/PBCGO  (200  A)  5  layer  in  which  the  YBCO  thickness  d  =  1,  2,  3,  4,  6,  8,  and  16  unit  cells  or 
12.5  A,  25 A,  37.5 A,  50A,  75 A,  100A,  and  200A.  In  these  measurements,  no  superconducting 
transition  was  observed  above  4.2  K  for  superlattices  made  of  12.5  A  thick  YBCO  films  in 
superlattices  of  3,  5,  7,  and  9  layers.  However,  p(T)  verse  T  curves  for  YBCO/PBCGO  and 
YBCO/PBCAO  superlattices  made  of  25  A  of  YBCO  give  a  50  K  onset  transition  temperature, 
(note  that  we  have  25A  YBCO  data  for  both  PBCAO  and  PBCGO  superlattice).  The  onset 
transition  temperature  of  3,  5,  and  7  layers  with  the  varied  thickness  of  YBCO  was  summarized 
in  the  Figure  12.  The  transition  temperature  of  the  superlattices  made  of  100  A  and  200  A  thick 
YBCO  in  buffer  layers  PBCAO  and  PBCGO  are  the  same  within  experimental  uncertainty  and 
are  about  90  K.  This  result  indicates  that  the  superconducting  coupling  length  of  YBCO  is  about 

100  A. 
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Figure  10  The  plots  of  temperature  versus  dc  resistance  for  (a)  PBCAO  (60  A)/  YBCO(d)/ 
PBCAO  (200  A),  and  (b)  PBCGO  (60  A)/  YBCO(d)/  PBCGO  (200  A)  multilayers  of  different  d. 
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Figure  1 1  The  plots  of  temperature  versus  relative  resistivity  for  5  layers  of  PBCGO  (60 
A)/YBCO  (d)/PBCGO  (24  A)/YBCO/PBCGO  (200  A)  multilayers  with  YBCO  thickness 

varied. 
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Figure  12.  Tc  onset  versus  YBCO  thickness  for  3,  5,  and  7  layers  superlattices 
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Figure  13.  Resistance  versus  temperature  for  3,  5,  and  7  layers  PBCMO/YBCO 
superlattices  with  YBCO  thickness  fixed  at  37.5  A. 
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Figure  14  Relative  resistivity  versus  temperature  for  5  layers  A  (60  A)/YBCO  (37.5  A) 
/A(varied)/  YBCO  (37.5  A)/  A  (200  A)  superlattices  with  PBCAO  thickness  varied, 

where  A  =  PBCAO. 
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Fipure  15  Relative  resistivity  vs.  temperature  for  5  layers  of  A  (60  A)/YBCO  (37.5  A)/  A 
fvSl^BCO  (37.5  A)/  A  (200  A)  superlattices  with  PBCAO  thickness  varied ,  where 


A  =  PBCAO. 
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Figure  16.  Relative  resistivity  vs.  temperature  for  7  layers  A  (60  A)/YBCO  (37.5  A)/A/YBCO 
(37.5  A)/A/YBCO  (37.5  A)/A  (200  A)  superlattices  with  PBCAO  thickness  varied,  where  A  = 
PBCAO. 
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Figure  13  shows  the  resistivity  vs.  temperature  for  multilayers  made  of  (a)  PBCAO  and 
(b)  PBCGO  buffer  layers  for  37.5  A  YBCO  thick  films.  Within  Experimental  uncertainty  the  Tc 
of  the  superlattices  are  the  same  for  a  given  thickness  of  YBCO  films  in  spite  it  a  flayer,  5  or 
7  laver  sunerlattice  Figure  14  and  15  show  the  relative  resistivity  versus  temperature  plots  for  5 
hirATo“/?BCOg(37.5  A)/  A  (varied)/  YBCO  (37.5  A)/A  (200  A)  and  G  (  0  AyYBCO 
(50  AV  G  (varied)/  YBCO  (50  A)/  G  (200  A)  multilayers  with  the  buffer  layer  thickness  A  = 
PBCAO  and  G  =  PBCGO  varied.  Figure  16  and  17  are  the  corresponding  plots  for  7  layers  o 
YBCO/PBCMO  superlattices.  Within  experimental  uncertainty  the  onset  Tc  for  all  superlattices 
of  same  YBCO  thickness  are  the  same.  If  two-dimensional  superconducting  transition  exists  m 
YBCO,  its  Tc  should  be  lower  or  at  most  equals  to  the  lowest  Tc  of  all  superlattices  whic  is 
K  for  d  =  25  A.  The  highest  Tc  of  all  superlattices  in  this  expenment  is  90  K  _  Therefore 
coupling  between  Cu02  planes  at  least  contributes  40  K  to  the  Te  of  YBCO.  If  the  coupling 
length  is  about  100  A  and  if  proximity  effect  exists  in  PBCAO  and  PBCGO  like  that  of  PBCO 
then  superlattices  made  of  thinner  buffer  layers  should  have  higher  Tc  because  coupling  between 
nearest  YBCO  layers  which  has  shorter  distance  should  increase  Te.  The  fact  that  same  onset  Tcs 
for  all  superlattices  of  same  d  in  Figures  14  -  17  in  spite  of  the  thickness  of  ^  buffer  layer 
indicates  that  the  buffer  layers,  even  as  thin  as  one  unit  cell  (~12  A),  can  effectively  cut  of  th 
coupling  so  that  no  coupling  between  YBCO  layers  exists.  Figure  13  shows  even  sttonger 
evidence  on  the  absence  of  interlayer  coupling  between  nearest  YBCO  layers.  In  a  tnlayer 
superlattice,  there  is  only  one  YBCO  layer  and  thus  no  inter  YBCO  layer  coupling  If foe  onset 
T  s  for  the  5  and  7  layers  superlattices  are  the  same  as  the  tnlayer  one,  then  coupling  between 
nearest  YBCO  is  totally  cut  off  and  the  PBCAO  and  PBCGO  should  be  excellent  I  layers. 

III.  Conlusion 


We  have  synthesized  PrBa2(Cui-xMx)307-8,  for  M=  Al,  Co,  Fe,  Ga,  Ni,  and  Zn,  an  x 
0.05  0.10  0.15,  and  0.20  by  means  of  solid  state  reaction.  We  utilized  x-ray  diffraction  method 
to  study  the  structure  and  the  standard  four  probes  technique  to  study  transport  property  of  the 
bulk  PBCO  and  PBCMO  samples.  All  of  the  samples  in  this  study  have  orthorhombic  structure 
and  are  belong  to  the  space  group  Pmmm.  Their  lattice  parameters  are  all  very  close  to  those  of 
YBCO.  All  of  the  samples  do  not  show  significant  second  phase  except  the  15  /o  or  higher  Ni  ana 
Zn-doped  ones.  The  second  phase  in  these  samples  are  identified  mainly  to  be  BaC03.  This 
indicates  that  solubility  of  Ni  and  Zn  is  substantially  lower  than  that  of  Al,  Fe,  Ga,  and  Co 
dopants.  This  observation  may  imply  that  Ni  and  Zn  prefer  a  different  site  than  Al,  Fe,  Gs^and 
Co  ions.  For  YBCO  it  is  commonly  accepted  that  Ni  and  Zn  substitute  preferentially  in  the  Cu  2 
planes  i.e.  the  Cu(2)  sites,  while  Al,  Co,  Fe,  and  Ga  in  the  CuO  chains,  or  Cu(l)  sites.  It  is 
experimentally  verified  that  the  Cu(2)  site  has  a  valence  of +2  which  matches  the  valence  of  Zn 
and  Ni2+  ions  well.  On  the  other  hand,  the  Cu(l)  site  is  either  in  the  +3  valence  state  or  in  the  +2 

and +3  mixed-valence  states  which  make  it  favorable  for  Al  ,Co  ,Fe  ,  andGa  ions. 

Takenaka  et  al.  [K.  Takenaka,  Y.  Imanaka,  K.  Tamasaku,  T.  Ito,  and  Uchida,  Phys- Rev. 
B  46,  5833  (1992)]  performed  polarized  optical  reflectivity  study  on  PBCO  and  found  that  hole 
concentration  in  the  Cu02  planes  is  very  low  and  hole  dope  to  the  planes  are  veiy  difficult  even 
under  foil  oxygenation.  For  this  reason,  the  Cu02  planes  in  PBCO  are  non-conducting.  Based 
on  the  optical  reflectivity  data  and  the  assumption  that  no  oxygen  holes  in  the  Cu02  planes, 


in  PBCO  may  conduct  locally. 

If  Ni  and  Zn  nan  only  go  ,o  the  Cu(2)  sites  ten  Ni  and  Zn  doprfjmp.es njffl .not 

of  Ni  and  Zn  ts  lower  ten  tha  of  A1  M 3^  and  C, »  « •  while  the  solubility  of  Al,  Fe, 
substituting  level  of  Ni  and  Zn  tor  L-u  in  rucu  ib  »  VRro  0ur  finding 

Ga  and  Co  is  higher  -  in  ^d"'  "  No  and  z5 

site.  Occupying  Cu(l)  site  may  fill 
the  O  2P  hole  and  block  electrical  conduction.  However of  teTOC  OCTCMoSu^  mly 

it  tjssxss:  z  »■  ^ ~ -  - 

the  buffer  layers  in  YBCO/PBCMO  multilayers. 

YBCOtayer  were8 fabricated.  Transport  studies  were  earned  out  from  room  temperature  down 
4.2K  No  superconducting  transition  above  4.2  K  was  observed 

tilif'V  YRCO  laver  YBCO  samples  made  of  more  than  a  unit  cell  thick  is  needed 
^rc—r.0  o^ur.  I,  is  no,  clear  that  stess  from  the  sub^e  destroyste 
superconductivity  or  two-dimensional  superconductivity  does  not 
superconductor. 

In  this  research,,  Tc  of  the  multilayers  is  found  to  increase  when  the  thickness  of  YBCO 

is  increased  Tfo  indicates  coupling  between  YBCO  unit  cells  help  superconductivity  TC; 

however  levels  off  when  the  thickness  of  YBCO  layers  reaches  100  A.  This  implies  that  the 

coupling  length  for  YBCO  is  about  100  A.  On  te  other  hand,  the  Vs  for  a  l  superiatt.ee  of 

carI.  vnrn  thickness  are  the  same  in  spite  of  the  superlattice  is  made  of  1, 2,  3, 4,  5,  6,  8,  orio 
same  ^O Jhiclmess  are  me  i same  in  p^  ^  or  200  A  thick  of  the  buffer  layer.  This 

unit  cell  duck  or  12.5  A  ’  q5  ^0  ’  ’  effectively  cut  off  the  coupling  between 

ayl ™  on  hi  stesofte  buffer  .aye?  even  when  te  buffer  layer  is  as 

A  This  is  contrary  to  te  findings  by  other  groups  in  which  Tc  decreases  wrth 

increasing  the  thickness  of  PBCO  buffer  layer.  Comparing  the 

sunerlattices  using  PBCMO  and  PBCO  as  buffer  layers,  it  is  obvious  that  the  PBCO  buffer  laye 
S  b”S  Med  to  insulate  neighboring  TOCO payers  . -tat  oouphng  taM. 
adjacent  YBCO  layers  exists  either  through  proximity  effect  of  YBCO  on  PBCO  or  throug 
other  charge  transformation  mechanism. 


Although  no  superconducting  transition  was  found  for  unit  cell  thick  YBCO  films  in 
superlattices  we  cannot  rule  out  the  existence  of  2-D  superconducting  transition  in  YBCo  for  two 
reasons:  First  our  setup  is  limited  to  4.2  K.  We  cannot  detect  superconducting  transition  below 
this  temperature.  Second  even  though  the  lattice  match  between  PBCMO  and  YBCO  is 
excellent,  a  small  mismatch  in  lattice  parameters  does  exist.  We  do  not  know  the  effect  of  the 
stress  due  to  the  mismatch  affect  superconductivity  in  YBCO.  Better  data  analysis  or  other 
experiment  may  be  needed  to  give  a  conclusion  on  2-D  superconducting  transition  for  YBCO. 

We  believe  that  20%  A1  and  Ga-doped  PBCO  materials  are  much  superior  than  the 
undoped  PBCO  to  be  used  as  the  I-layer  for  SIS  Josephson  junctions  and  devices.  We  have  just 
been  funded  by  the  Department  of  Defense  to  cany  out  Josephson  junction  and  devices  using 
PBCAO  as  the  I  -  layer. 


